Abstract: This study implements the metal-oxide-semiconductor (MOS) type gas sensor using the TSMC 0.35 μm 2P4M process. The gas concentration is detected based on the resistance change measured by the proposed sensor. This design has three merits: (1) low-cost post-CMOS process using metal/oxide wet etching, (2) composite sensing material based on ZnO-SnO2 coating on the CMOS-MEMS structure, (3) vertical integration of heater and ZnO-SnO2 gas-sensing films using CMOS-MEMS and drop casting technologies. Proposed design significantly increase the sensitivity at the high operating temperature. In summary, the sensitivity of presented sensor increased from 0.04%/% (O2/N2) at near room operating temperature to 0.2%/%(O2/N2) at near 140 °C for the range of 5-50% oxygen concentration.
Introduction
The gas sensors can find applications in many fields, such as industrial, automotive, medical and home healthcare, etc. Various approaches, such as electrochemical, metal oxide semiconductor, infrared, catalytic combustion and resonant, have been reported for gas detection. Among these approaches, MOS technology could find extensive applications in medical, transport, HVAC, and consumer. Presently, numerous MOS gas sensors are implemented using the combination of different metal-oxide. However, the MOS type sensing approach has low selectivity. The ZnO [1] and SnO2 [2] exhibit required properties, such as the wide-bandgap semiconductor, to enhance gas sensing performance and sensitivity are two most common sensing materials.
The CMOS-MEMS fabrication technology has the advantages of electrical routing compatibility, monolithic integration of IC and MEMS devices, design flexibility by using multi-stacking thin films, and available foundry service. The CMOS-MEMS has been exploited to realize gas sensors [3] [4] [5] after adding different sensing materials. Moreover, the multi-layer CMOS process enable the vertical integration of micro heater and gas sensors to reduce the chip size. This study will leverage the CMOS-MEMS process and MOS sensing technologies to implement the gas sensor.
Design Concept
The proposed gas sensor is implemented using the standard TSMC CMOS process. Figure 1a illustrates the proposed vertical integration of heater and MOS gas sensor design, and the gas sensor consists of interdigitated electrodes and ZnO-SnO2 sensing film. The proposed CMOS-MEMS gas sensor consists of interdigitated sensing electrodes and vertically integrated heater is 95 × 125 μm 2 . In addition, the planar dimension of each sensing finger is 10 × 75 μm 2 .
In Figure 1b , the interaction of sensing material and surrounding gases will lead to the variation of electrical conductance for MOS gas sensor. The reaction between the sensing film and O2 gas may result in a significant resistance increase which was detected to determine the presence and concentration of the test gas [6] . 
Fabrication Process and Result

CMOS-MEMS Devices
By following the design rules, the micro heater, sensing electrodes, and trenches to accommodate sensing materials are defined by standard CMOS layers. Figure 2 shows process flow. Figure 2a shows the chip fabricated by standard TSMC 0.35 μm 2P4M CMOS process. In Figure 2b ,c, metal wet-etching and the following oxide wet-etching processes were performed to expose the Al sensing finger. Figure 2d depicts the RIE process to expose bond pads. Figure 2e displays the wirebonding to PCB board and then sealed/protected by epoxy. Finally, in Figure 2f , the gas-sensing film was dispensed into the gap between sensing fingers and then baked at 60 °C for 30 min. Micrographs in Figure 3a ,b show the top-view of typical fabricated devices. Micrographs in Figure 3c ,d display sensing finger before and after ZnO-SnO2 dispensing. 
ZnO-SnO2 Sensing Film
The sensing film based on ZnO-SnO2 powders was synthesized using hydrothermal synthesis method. The solution was mixed with SnCl4·5H2O, cetyltrimethylammonium bromide (CTAB), NaOH, deionized water, and ethanol in the autoclave at 200 °C for 40 h. Then the synthesis was baked at 60 °C for 6 h to get white powder of SnO2. In order to prepare the sensing complex, the SnO2 was mixed with deionized water and Zn(CH3COO)2·2H2O. After that, the mixture was baked at 60 °C for 6 h to form the ZnO-SnO2. The ZnO-SnO2 was then annealed in quartz furnace at 700 °C for 3 h to get crystalline ZnO-SnO2 microstructures [7] . Figure 3e -f respectively show sensing films (ZnO-SnO2) with different zoom-in magnification, and the high surface-area-to-volume ratio sensing material is demonstrated. Figure 4 shows the EDX spectra analysis of Zno-SnO2. The constituents of Zn, Sn and O are identified by the peaks. Note the additional peaks of C and Pt are caused by carbon conductivetape and Pt-coating for SEM sample preparation. Figure 6a shows the thermal distribution and temperature measurement setup. To calibrate the emissivity of materials and prevent the influence from environment temperature fluctuation, the thermal controller is specified at 25 °C as a reference. Measurements in Figure 6b show the temperature change/distribution of sensing-chip as input currents varying from 1 to 4 mA. As indicated by the color bars, the temperature is increased for near 100 °C by different input current, and the thermal distribution of the micro heater agrees well with the design. Figure 7a shows the experimental setup to characterize the presented gas sensor. The mass flow controllers (MFC) were used to control gas flow rate and gas mixed concentration. The gas sensor was placed into the test chamber which has purged with N2 to clean out particles and other gases. Then a specific volume of O2 was inject into the mixing chamber to reach a specific gas concentration and then transport to the test chamber. Measurements in Figure 7b depict the responses of O2 concentration at different operating temperature specified by input current of heater. Measurement results show the sensitivity of O2 concentration is improved from 0.04%/% (O2/N2) to 0.2%/% (O2/N2) (within O2 concentration of 5-50%), as input currents increasing from 1 to 4 mA (O2/N2). The results indicate that the sensing responsivity of proposed CMOS-MEMS O2 gas sensor can be improved by the monolithically embedded heater. 
Measurement Setup and Result
Conclusions
In this paper, a novel vertical integration integrated COMS-MEMS gas sensor, including MOS type gas sensor filled with ZnO-SnO2 and micro heater detector, is designed and implemented based on the TSMC 0.35 μm 2P4M standard CMOS process. Moreover, the in-house post-processing and hydrothermal synthesis method are required to fabricate the CMOS chip. The sensing structure and filling conditions as well as the morphology of ZnO-SnO2 sensing film were inspected and proven through FE-SEM and EDX. Measurements showed the presented device has high sensitivity (0.2%/%) at operating temperature (approximately 140 °C).
